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Two types of nanosecond temperature jump (T-jump) apparatuses
applicable to time-resolved Raman measurements were constructed.
T-jump was achieved by direct heating of water using near-infrared
(NIR) pulses at 1.89 m m in one type and at 1.56 m m in the other.
The two NIR pulses were generated through stimulated Raman
scattering (SRS) of H2 or D2 excited by the fundamental line of a
Q-switched Nd:YAG laser, in which a single-pass con guration with
H2 was suf cient for 1.89 m m pulses but a seeding-ampli cation
con guration with D2 was necessary for 1.56 m m pulses. The seed-
ing-ampli cation con guration yielded signi cant improvements in
conversion ef ciency, pulse-to-pulse stability, and beam quality.
These apparatuses were applied to transient Raman measurements
of MoO422 solution, and transient temperatures of the heated vol-
ume were determined from ratios of anti-Stokes to Stokes Raman
intensities. Temporal behaviors of the temperature of the heated
volume upon illumination of nanosecond heat pulses at 1.89 or 1.56
m m were explored, and its applicability to studies on the primary
process of thermal reactions was exam ined. It became clear that the
continuation time of raised temperature is determined only by the
replacement of the sample in the case of a thick cell and by both
thermal transfer and sample replacement in the case of a thin cell,
while thermal diffusion is not effective for either cell.
Index Headings: Temperature jump; Near-infrared generation;
Stimulated Raman scattering; Time-resolved Raman spectroscopy;
Spectroscopic techniques; Transient temperature; Thermal diffu-
sion; Thermal transfer.
INTRODUCTION
Chemical reactions can be categorized into photore-
actions and thermal reactions according to inducing ori-
gins. In investigations of the primary process of these
reactions, time-resolved spectroscopy combined with var-
ious kinds of relaxation methods have been used.1 Raman
spectroscopy is so sensitive to molecular structures and
the environments around molecules that it gives more
detailed information about molecular states than absorp-
tion and  uorescence spectroscopy, and accordingly this
technique has been increasingly used to monitor chemical
reactions. As for the investigation of the initial process
of photoreactions by Raman spectroscopy, time resolu-
tion has reached the level of Fourier transform limitation
of the probe pulse.2,3 In contrast, fast processes of thermal
reactions, which are more widely seen in nature, have
been little investigated with Raman spectroscopy so far,
because of the lack of a suitable rapid heating method at
high repetition. However, Raman spectroscopy is a pow-
erful tool for studies on structural changes in fast pro-
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cesses of thermal reactions if the rapid heating method
applicable to time-resolved Raman measurements is
available. Therefore, construction of such a rapid heating
apparatus is very desirable for studies on thermal reac-
tions.
Among various methods of temperature jump (T-jump)
used to investigate thermal reactions,1,4 the laser-induced
T-jump method can be applied to high-repetition mea-
surements.5,6 Laser-induced T-jump is achieved (1) by di-
rect heating of water4–14 or (2) by thermal energy transfer
from photoexcited dyes.15 In case 1, overtones or com-
binations of vibrations of water (solvent) are excited by
a near-infrared (NIR) pulse; while in case 2, dissolved
dyes are electronically excited by visible laser pulses, and
subsequently surrounding solvent molecules are heated
through nonradiative relaxation of dyes. Thus, in both
cases, parts of the solvent molecules are directly or in-
directly heated upon laser illumination. The laser-induced
T-jump is completed when thermal equilibration is estab-
lished between the heated solvent molecules and all the
other solvent molecules. In the  rst T-jump case, NIR
pulses are generated through Raman shifts of the funda-
mental (1.064 mm) of a Nd:YAG laser with liquid N2
(1.41 mm)7,8 or with molecular gases,3–6,9–13 while they can
also be generated by the difference mixing of two dye
laser outputs by LiNbO 3 crystal ( ; 2.0 mm).14 Asher and
co-workers succeeded in combining time-resolved Ra-
man spectroscopy with laser T-jump techniques to unrav-
el the initial process of unfolding of some small pep-
tide.5,16
In this study T-jump was achieved through direct heat-
ing of water by NIR pulses, which were obtained with
the stimulated Raman effect of H2 or D2 excited by the
fundamental line of a Q-switched Nd:YAG laser. Here
three types of NIR generation methods including the sin-
gle-pass, half-resonator, and seeding-ampli cation sys-
tems will be explained  rst. The performances of two T-
jump apparatuses constructed here will be described in
detail, and the observed transient temperatures attained
will be compared. The transient temperature was deter-
mined from the intensity ratios of anti-Stokes to Stokes
bands of molybdate ions (MoO4 22) in water. Finally, the
characteristics of the NIR generation by H2 and D2, the
temporal limitations on the laser-induced T-jump exper-
iments with high-repetition measurements, and the appli-
cability of two types of T-jump apparatuses to nonreso-
nant Raman measurements of protein will be discussed.
Hereafter an NIR pulse used for T-jump is called a heat
pulse.
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FIG. 1. Estimated temperature rise of water by counter-propagating
illuminations with two equivalent heat pulses of 50 mJ. (A) Illumination
of 1.89 mm heat pulses with 3 mm diameter to 140 mm thick water, and
(B) illumination of 1.56 mm heat pulses with 1.5 mm diameter to 2 mm
thick water. Dot lines delineate the pro les of temperature rise by il-
luminations of each pulse from one side, and solid lines show the sum
of those by counter-propagating illuminations of two heat pulses.
DESIGN OF T-JUMP APPARATUS
Choice of Raman Shifting Media. NIR pulses can be
generated as the  rst Stokes line in stimulated Raman scat-
tering (SRS) of Raman media from the fundamental (1.064
mm) of a Nd:YAG laser. Generally low thresholds for self-
focusing and optical breakdown in solids and liquids and
in addition the appearance of bubbles in liquids make it
impossible to use these media as high-ef ciency convert-
ers for SRS. Since these problems are less severe, gases
are suitable to Raman media for this purpose. Hydrogen4,5
and methane9–12 are most widely used on account of their
relatively large Raman gain coef cients and large energy
shifts, while deuterium is also usable:6,13 n[H2, Q(1)] 5
4155 cm21; n[D2, Q(2)] 5 2987 cm21; n[CH4, Q] 5 2917
cm21. The wavelengths of the  rst Stokes lines of H2, D2,
and CH4 upon excitation with 1.064 mm are 1.89, 1.56,
and 1.54 mm, respectively. However, CH4 was partially
photoreactive and caused more critical problems upon pro-
longed pumping;17 it underwent photodissociation upon
excitation by strong 1.064 mm pulses, and the dissociated
carbons were deposited on the window, resulting in dam-
age to the window in successive generation of NIR.†
Therefore, in this laser-induced T-jump experiment, H2 and
D2 gases were used as Raman media for generation of
NIR.
Requisite Intensity of Heat Pulses and Sample
Thickness for Uniform T-jump. It is quite important to
heat a sample uniformly, but a temperature gradient is
produced because the intensity of a heat pulse decreases
as it proceeds from the surface to inside due to absorp-
tion. To overcome this problem, it is helpful to illuminate
the sample from both sides with two heat pulses. Sample
thickness is also important for uniform heating. Thin
samples must be used for illumination of heat pulses at
wavelengths where the absorption coef cient of water is
large. The absorption coef cients of water at 1.89 and
1.56 mm are 61 and 4 cm21,7 respectively (the former was
determined in this study from the observed absorbances
of water at 1.89 mm for cell thicknesses of 25, 50, 100,
and 200 mm). Accordingly, an approximately 153 thicker
cell can be used for 1.56 mm heating than that for 1.89
mm heating under the same heating conditions.
Suppose that the intensity of a heat pulse is 100 mJ
and the sample is illuminated by its equally divided two
parts (50 mJ each) from both sides in the counter-prop-
agating geometry, as illustrated in the upper part of Fig.
1. The temperature pro les of the illuminated volume cal-
culated with the values of absorption coef cients of water
mentioned above are delineated in the lower part of Fig.
1, where the conditions are as follows: (A) 140 mm thick
water is heated by 1.89 mm pulses with 3 mm diameter,
and (B) 2 mm thick water is heated by 1.56 mm pulses
with 1.5 mm diameter. The averaged temperature rises by
1.89 and 1.56 mm pulses were estimated to be 20.8 and
† We tried successive generation of 1.54 mm NIR with compressed
methane, at 10 Hz repetition in con gurations A and B (shown later).
By prolonged pumping with 1.064 mm light of 560 mJ, an inside-
window surface of a Raman shifter was damaged in the two con g-
urations. The reason for this damage is considered to be that photo-
dissociated carbon atoms formed particles, which stuck to the inside
surface of windows, and that the carbon particles were burned by
intense pump light.
5.7 8C, respectively. Differences between the highest and
lowest temperatures are 4.7 8C (22%) in panel A and 1.1
8C (20%) in panel B. Accordingly, the energy required
to attain a T-jump as large as 5 8C in the heating condi-
tions as shown in Fig. 1 is 30 mJ for a 1.89 mm pulse
and 100 mJ for a 1.56 mm pulse, and for uniform heating
of a sample (within 22% difference), the sample thickness
should be several hundred micrometers for 1.89 mm heat-
ing and several millimeters for 1.56 mm heating.
Determination of Transient Temperature. Illumi-
nation of a heat pulse to a sample is followed by tem-
perature changes of the laser-illuminated volume. The
transient temperature of the heated volume can be deter-
mined by the intensity ratios of anti-Stokes to Stokes
bands of a dissolved solute molecule. In this study an
aqueous solution of Na2MoO 4 (1.5 M) is used. Its Raman
scattering is excited by another laser with variable delay
times (Dt) after illumination of heat pulses. In the case
of nonresonant Raman scattering, the intensity (photon
counting rate) of anti-Stokes (IaS ) and Stokes (IS ) bands
of a selected molecular vibration with a wavenumber of
mol is related to the instantaneous temperature (T ) by Eq.n˜
1, 18
3I n˜ 1 n˜ hcn˜aS ex mol mol5 exp 2 (1)1 2 1 2 1 2I n˜ 2 n˜ k TS ex mol BT
where ex and kB are a Raman excitation wavenumber andn˜
Boltzmann constant, respectively.‡ Boltzmann distribu-
‡ The third-power dependence of Raman scattering intensity on fre-
quency in Eq. 1 appears when the intensity is de ned in terms of
photon numbers instead of energy  ux, for which the fourth-power
dependence is correct. Therefore, with detectors such as photodiode
and charge-coupled device detectors, whose signal intensity is pro-
portional to the number rate of incoming photons, Raman intensity
should be represented with the third-power dependence as in Eq. 1.
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FIG. 2. Schematic diagrams of the 1.89 mm and 1.56 mm pulse gen-
eration by the stimulated Raman effect. (A) A single-pass con guration,
(B) a half-resonator con guration, and (C ) a seeding-ampli cation con-
 guration. RS1, a compressed gas cell with length of 1.0 m and an
effective diameter of 12 mm; windows, noncoated quartz with a di-
ameter of 25.9 mm and thickness of 20.0 mm. RS2, a compressed gas
cell with length of 1.1 m and an effective diameter of 20 mm; windows,
quartz AR-coated broadband  lters from 1050 to 1600 nm, with a di-
ameter of 38.1 mm and thickness of 19.1 mm. M1, mirror for 1064 nm.
M2, mirror for heat pulses. BS, beamsplitter for 1064 nm with variable
re ection ratios. DM , dichroic mirror with high re ectance for heat
pulses and high transmittance for 1064 nm pulses. L1, L2, L3, L4, L6,
L7, and L8, plano-convex lenses. L5, plano-concave lens. PBP, Pellin–
Broca prism.
tion of energy among vibrational freedoms is postulated
for Eq. 1, while it is usually established within a subnano-
second in the liquid phase.19 In the practical use of Eq.
1, it is more convenient to determine the amount of tem-
perature rise (DT ) than the absolute temperature (T ). Sup-
pose that the sample is initially placed in thermal equi-
librium at T0 and its temperature is raised by DT upon
illumination of the heat pulse; the measurements of Ra-
man intensities at the initial stage, (IaS /IS ) , and a tran-T0
sient state, (IaS /IS ) , give DT according to Eq. 2:T 1DT0
I I hcn˜ 1 1aS aS molln 2 ln 5 2 2 (2)1 2 1 2 1 2I I k T 1 DT TS S B 0 0T 1DT T0 0
Accuracy of the temperature rise thus determined will be
discussed later.
EXPERIMENTAL
NIR Pulse Generation with Hydrogen and Deute-
rium. The excitation pulse at 1.064 mm for pumping H2
or D2 was obtained from a Q-switched Nd:YAG laser
(GCR-150, Spectra Physics). The pulse energy was 560
mJ at 10 Hz and its width was 9 ns full width at half-
maximum (FWHM). To generate NIR pulses through
stimulated Raman scattering, we examined three types of
con gurations as illustrated in Fig. 2: (A) a single-pass
con guration, (B) a half-resonator con guration, and (C )
a seeding-ampli cation con guration. For generation of
1.89 mm NIR with H2, con guration A was suf cient.
However, for generation of 1.56 mm NIR with D2, con-
 gurations A and B were insuf cient and C was adopted.
Hereafter a compressed-gas cell used for NIR pulse gen-
eration by SRS will be called a Raman shifter for the
sake of convenience.
Figure 2A illustrates the single-pass con guration, in
which the  rst Stokes line is generated by spontaneous
Raman scattering and ampli ed within the pump pulse
by self-seeding. The pump pulse was focused by a lens
(L1, f 5 600 mm) into a Raman shifter (RS1) which is
a 1.0 m long gas cell made of type-304 stainless steel
with 12 mm inside effective diameter. Fused-silica win-
dows with a diameter of 25.9 mm and thickness of 20.0
mm are used at the entrance and the exit of RS1 and
were sealed by an O-ring with  anges. The out-going
pulses were collimated with a lens (L2, f 5 600 mm)
and separated by a Pellin–Broca prism (PBP) into pump,
Stokes, and anti-Stokes pulses.
Figure 2B illustrates the half-resonator con gura-
tion,17,20 which uses an injection-seeding technique. A di-
chroic mirror (DM) and a mirror (M2) were added to the
single-pass con guration; DM re ects 98.5% at 1.56 mm
and transmits 95% at 1.064 mm for 458 incidence, and
M2 completely re ects the 1.56 mm light. In the half-
resonator con guration, the backward  rst SRS is re ect-
ed by M2 back to RS1 and is used as a seeding pulse,
which is ampli ed within the same pump pulse. The tem-
poral walk-off between the re ected seed and original
pump pulses was 5 ns.
Figure 2C illustrates the optical path of the seeding-
ampli cation con guration 20,21 adopted in this experi-
ment. The pump pulse was split into about 1:5 by a beam-
splitter (BS) with variable re ection ratio. The weak por-
tion was focused by a lens (L3, f 5 1000 mm) into RS1,
where a seed pulse of the  rst Stokes line was generated
through SRS. This seed pulse was collimated once with
a convex lens (L4, f 5 500 mm) and then expanded to
the same size as the other portion of the split pump pulse
with a combination of a concave and convex lens (L5, f
5 2100 mm; L6, f 5 300 mm). The seed pulse was
overlain on the pump pulse spatially and temporarily by
a dichroic mirror. The seed pulse and the pump pulse
were focused by a lens (L7, f 5 800 mm) into an am-
pli cation Raman shifter (RS2), which is a 1.1 m long
gas cell made of type-304 stainless steel with a 20 mm
inside effective diameter. The fused-silica windows used
at the entrance and the exit of RS2 were in practice the
commercially available AR-coated broadband  lters for
1050 to 1600 nm (transmission . 99%) with a diameter
of 38.1 mm and thickness of 19.1 mm. Pressures of the
compressed gas  lled in RS1 and RS2 were set equal to
make the wavelength of the seeding and ampli ed pulses
coincide.22 This pressure adjustment improved the con-
version ef ciency from the pump pulse to the  rst Stokes
line. The out-going pulses were collimated with a lens
(L8, f 5 600 mm) and separated by PBP into pump,
Stokes, and anti-Stokes pulses.
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Sample Cell and Illumination Geometry. For the T-
jump experiment induced by 1.89 mm heat pulses, a 100
mm thick sample cell with 1 mm thick quartz windows
was used. The heat pulse dispersed with the Pellin–Broca
prism (62 mJ) and one re ected at the surface of the
prism (8 mJ) were used in con guration A in Fig. 2 with
H2. These two pulses were incident into the sample cell
from both sides with 458-upward geometry. Energies of
the divided heat pulses were not exactly equal in this
experiment; therefore, the lower-energy pulse was more
tightly focused (diameter: 1.1 mm) at the sample point
than the high-energy one (diameter: 2.3 mm). A beam
size was determined as a spot size with a burning paper.
The actual pathlength through the sample along the prop-
agation direction of heat pulses was 140 mm in this con-
 guration.
The Raman probe pulse was introduced to the sample
cell so as to propagate colinearly with the high-energy
heat pulse (diameter at the sample point: 1.3 mm). The
energy of the Raman probe pulse was 5 mJ. Since the
Raman scattering was collected mainly from the center
of the heated volume, the slightly larger diameter of the
probe pulse than that of the low-energy heat pulse would
have no practical effect in this experiment. The sample
was circulated with a peristaltic pump through the cell
and the sample reservoir, which was kept at 25.0 8C by
circulating temperature-controlled water. Between the
peristaltic pump and the cell, two glass tubes were in-
serted as pressure reservoirs to remove pulsating  ow.
The average  ow speed of the sample solution in the cell
was 150 cm/s.
For the T-jump experiment induced by 1.56 mm heat
pulses, a 2 mm thick sample cell with 1 mm thick quartz
windows was used. The heat pulse (135 mJ) at 1.56 mm
obtained from con guration C in Fig. 2 with D2 was split
into two equal parts with a 50:50 beamsplitter. They were
incident into the sample from both sides with an up-and-
down counter-propagating geometry. The diameter of
each pulse was 1.4 mm at the sample point. The Raman
probe pulse, which was propagated colinearly with the
up-going heat pulse, was focused below the sample cell
before it illuminated the sample. This defocusing con g-
uration prevented the Raman probe pulse from destroying
cell windows through thermal lens effects induced by
heat pulses. This problem was more crucial in the 1.56
mm heating due to thicker sample than that in the 1.89
mm heating. By the use of a cylindrical lens, the shape
of the Raman probe pulse was modi ed to an elliptical
shape at the sample point, where the major axis of the
ellipsoid was directed to the collecting optics of the Ra-
man scattering. The lengths of the major and minor axes
were 1.2 and 0.5 mm, respectively. The energy of the
Raman probe pulse was lowered to 3 mJ. The cell was
held with brass blocks, and the temperature of the sample
was kept at 25.0 8C by circulating temperature-controlled
water into the brass blocks. A thermal-conductive sheet
was inserted between the cell and the brass blocks to
improve thermal exchange. The sample was stirred by a
small magnetic stirrer which was inserted into the brass
blocks.
Measurements of Time-Resolved Raman Spectra.
Raman scattering of molybdate ions was excited by the
second harmonic (532 nm) of a Q-switched Nd:YAG la-
ser (Spectra Physics, GCR-11) with the pulse width of 7
ns. The delay time (Dt) of a Raman probe pulse from the
illumination by a heat pulse was controlled by a pulse
generator (Stanford Research Systems, DG535). The
backward-scattered light in the 1.89 mm heating experi-
ment or the 908-scattered light in the 1.56-mm heating
experiment was collected and focused onto an entrance
slit of a 25 cm single-imaging spectrograph (Chromex,
250IS). The width of the entrance slit was 100 mm, while
the widths of the image were 2.7 and 1.3 mm in the 1.89
and 1.56 mm heating experiments, respectively. There-
fore, the Raman scattering from the most heated volume
(central part) was collected. A holographic notch  lter
(Kaiser Optical Systems, Super Notch-Plus) and an iris
were inserted between the entrance slit of the spectro-
graph and the sample cell to reduce the stray light. A
quartz polarization scrambler was placed in front of the
entrance slit to remove the effect of polarization from the
spectrograph throughput. In the case of the 908 scattering
geometry upon 1.56 mm heating, another variable rect-
angular slit was placed at the side of the sample cell to
reduce more effectively the stray light and Raman scat-
tering of quartz windows. The dispersed light that passed
through the spectrograph was detected with an intensi ed
photodiode array (EG&G PARC, Model 1421). The
Stokes and anti-Stokes transient Raman spectra were ob-
tained simultaneously.
One cycle of T-jump experiments involved a series of
spectral measurements along increasing Dt and decreas-
ing Dt and, in addition, the probe-only spectrum was
measured at the end of individual series. In the 1.89 mm
heating experiments, one set of transient Raman spectra
were the sum over  ve cycles. Total accumulation time
at each delay time was 20 min. In the 1.56 mm heating
experiments, three sets of transient Raman spectra, which
were the sum over three cycles at each set, were obtained.
Total accumulation time at each delay time was 6 min
for each set.
RESULTS
Accuracy of Temperature Determination. Before
applying Eq. 2 to determine the transient temperature rise
following illumination of the heat pulse, we examined the
accuracy of the method based on Eq. 2 for stationary
states of the molybdate solution between 20.0 and 75.0
8C. The stationary-state temperature was measured by a
calibrated alumel-chromel thermocouple (accuracy: 60.1
8C) and was compared with the temperature determined
by Eq. 2. Molybdate ions in an aqueous solution give
sharp Raman bands at 317 and 897 cm21 and a broad
band at 837 cm21, as reported.23 Figure 3 delineates the
stationary-state Stokes (upper panel) and anti-Stokes Ra-
man spectra (lower panel) of Na2MoO 4 aqueous solution
(1.5 M) at 75.0 (A and A9) and 20.0 8C (B and B9). The
spectral intensities are normalized in terms of the inten-
sity of the Stokes 897 cm21 band at 20.0 8C in the two
panels. The ordinate scale of the anti-Stokes Raman spec-
tra (A9 and B9) is magni ed by four times that of the
Stokes spectra (A and B).
All the Raman spectra from 20.0 to 75.0 8C were  tted
to determine the area intensity: the 317 and 897 cm21
bands by Lorentzian functions and the 837 cm21 band by
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FIG. 3. Stationary-state Stokes (upper panel) and anti-Stokes Raman
spectra (lower panel) of the 1.5 M Na2MoO4 aqueous solution excited
at 532 nm. (A) and (A9) at 75.060.2 8C, (B) and (B 9) at 20.060.1 8C.
The solid lines stand for the observed spectra in the right-angled scat-
tering. The dotted lines illustrate the  tted bands and baselines—Lor-
entzian shapes for the 317 and 897 cm21 bands and a Gaussian shape
for the 837 cm21 band. The intensities of these spectra are normalized
to the Stokes 897 cm21 band. The ordinate scales of A9 and B 9 are
expanded by a factor of 4 relative to those of A and B . Stokes and anti-
Stokes Raman spectra were obtained simultaneously.
FIG. 4. Stationary-state temperature (Tobs) of the Na2MoO4 solution
determined from the anti-Stokes/Stokes Raman intensity ratios of mo-
lybdate ions in water is compared with the temperature (T tc) measured
with a calibrated alumel-chromel thermocouple: (A) Tobs determined
from 317 cm21 bands and (B) Tobs determined from 897 cm21 bands.
The solid lines stand for the straight lines (Tobs 5 T tc) for comparison.
The upper panels in A and B show the plots of differences between the
two obtained temperatures (Tobs 2 T tc).
a Gaussian function. Dotted lines in Fig. 3 delineate both
baselines and  tted Raman bands at 317, 837, and 897
cm21. With the use of 20.0 8C as the reference tempera-
ture (T0), the temperature differences from T0 (DTobs),
were calculated according to Eq. 2 with ratios of IaS to
IS, which were obtained from the  tted parameters.
Comparison of the temperatures obtained according to
Eq. 2, Tobs(5DTobs 1 T0), with the temperatures measured
with a thermocouple, T tc, is displayed in Fig. 4, which
plots Tobs as derived from the 317 (A) and 897 cm21 bands
(B) against T tc. The 837 cm21 band was not used to de-
termine Tobs, because its intensity obtained by  tted spec-
tra contained larger uncertainty than that of the 317 and
the 897 cm21 bands due to the overlaps between intense
897 and broad 837 cm21 bands. The differences between
the Raman temperature and thermocouple temperature,
Tobs 2 T tc, are plotted against temperature in the upper
panels of A and B in Fig. 4. It is recognized from these
plots that the discrepancy between Tobs and T tc is within
1.5 8C in the temperature range from 20.0 to 75.0 8C for
both the 317 (A) and the 897 cm21 (B) bands. This result
con rms that temperatures of the sample can be deter-
mined with Eq. 2 with an accuracy of 61.5 8C in the
temperature range from 20.0 to 75.0 8C when the 317
and 897 cm21 bands are used in the present apparatus.
Characteristics of Generated 1.89 m m Pulse. Hydro-
gen gas was compressed to 3.0 MPa in RS1 for genera-
tion of a 1.89 mm heat pulse. By using the single-pass
con guration (A) in Fig. 2, we obtained 70 mJ pulses of
1.89 mm at 10 Hz as the forward output. Intensity  uc-
tuation among generated 1.89 mm pulses was within 10%.
The spatial pro le of the 1.89 mm pulse was not a Gauss-
ian shape but had a shape like a deformed doughnut. The
surface temperature of RS1 around the focus point of
pump pulses was raised upon prolonged pumping.
The highest output energy of the 1.89 mm pulse was
obtained at the hydrogen pressure of 3.0 MPa in the range
from 1.0 to 5.0 MPa. The output energy under 1.0 MPa
of hydrogen was very low (16 mJ) and increased as the
H2 pressure increased. The output energy, however, was
not always related to H2 pressure between 2.0 and 5.0
MPa: 46 mJ at 2.0 MPa and 43 mJ at 5.0 MPa. The pulse-
to-pulse  uctuation and beam pro le of 1.89 mm pulses
were barely dependent on H2 pressure in this pressure
range.
Characteristics of Generated 1.56 m m Pulse. Deu-
terium gas was compressed to 3.5 MPa in RS1 for gen-
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FIG. 5. Time-resolved Stokes (upper panel) and anti-Stokes Raman
spectra (lower panel) of MoO4 22 solution (1.5 M) with 100 mm thick-
ness observed just before and after the illumination with 1.89 mm heat
pulses: (B , B 9, and B 0) at 220 ns and (A , A9, and A0) at 20 ns. Anti-
Stokes spectra (A9 and B 9 and A0 and B 0) are vertically magni ed by
4 and 20 times, respectively, of Stokes spectra (A and B). The Raman
spectra presented were obtained by subtracting the contribution of the
quartz windows from the raw time-resolved Raman spectra.
eration of the 1.56 mm pulse. With the use of con gu-
ration A in Fig. 2, the forward output energy of the 1.56
mm pulse was very low (10 mJ) at 10 Hz repetition;
moreover, pulse-to-pulse  uctuations in energy and beam
pro le were signi cantly large. The conversion ef ciency
to 1.56 mm by D2 was much less than that to 1.89 mm
by H2 in the same system (con guration A). The forward
radiation from RS1 contained many rotational-vibrational
components of stimulated Stokes and anti-Stokes Raman
scattering. A large amount of backward radiation was
also observed. The surface temperature of RS1 around
the focus point of the pump pulse was raised upon pro-
longed pumping, as observed in the 1.89 mm generation
in con guration A . The forward output energy of the 1.56
mm pulse, its intensity  uctuation, and the beam pro le
were barely dependent on D2 pressure in the range from
1.1 to 3.5 MPa. A rise in temperature of RS1 was ob-
served for all values of pressure in this range.
To obtain more intense pulses at 1.56 mm, we exam-
ined con guration B17,20 in Fig. 2 with 3.5 MPa of D2.
The results were improved in comparison with the case
of con guration A , that is, 25 mJ pulses at 1.56 mm were
obtained at 10 Hz as forward output. However, after 20
min of pumping, the energy of the 1.56 mm pulse was
reduced to 10 mJ with a large intensity  uctuation. Con-
sequently, although the NIR generation was signi cantly
improved by con guration B, the output energy was not
suf cient for the purpose of T-jump and, moreover, the
long-term stability was lacking.
Finally the seeding-ampli cation method illustrated by
con guration C 20,21 in Fig. 2 was examined with the pres-
sure of RS1 and RS2 at 3.5 MPa. By adjusting the split-
ting ratio of the pump pulse with BS, we attained an
output energy of 135 mJ for 1.56 mm forward SRS pulses
at 10 Hz repetition. This was more than 10 times larger
than that obtained in con guration A. The successive
generation of 1.56 mm pulses was stable for a period
longer than half a day. The pulse-to-pulse  uctuation in
intensity was suppressed within 10%. The output pulses
from RS2 consisted of clearly separated light: (1) higher
order anti-Stokes (second, third, and fourth) light with
ring shapes, and (2)  rst Stokes light, pump light, and
 rst anti-Stokes light with round shapes. The second
Stokes scattering (2.9 mm) was not observed in this ex-
periment, presumably due to absorption by the glass of
the optics. No backward scattering from RS2 was rec-
ognized.
Con guration C also provided an improved beam pro-
 le for the forward 1.56 mm pulse. Though its spatial
pro le was not absolutely a Gaussian shape, the intensity
maximum was located near the center, and intensity de-
creased going away from the center. The output beam
pro le in con guration C was much better than that of
1.89 or 1.56 mm pulses in con guration A . No temper-
ature rise of the RS2 surface around the focus point of
pump and seed pulses was recognized in con guration
C, even after prolonged pumping of D2. This observation
sharply contrasts with the observed temperature rise in
con guration A with H2 or D2.
T-jump with 1.89 m m NIR. Time-resolved Raman
spectra of MoO 422 solution (1.5 M) after illumination of
the 1.89 mm heat pulses were obtained in the backward
scattering geometry with delay times from 21 ms to 10
ms. Figure 5 shows the Stokes (upper panel) and anti-
Stokes (lower panel) time-resolved Raman spectra of
MoO4 22 solution observed just before (Dt 5 220 ns, B ,
B 9, and B 0) and after (Dt 5 20 ns, A, A9, and A0) the
illumination of heat pulses.§ Anti-Stokes spectra (A9 and
B 9 and A0 and B 0) are magni ed in the ordinate scale by
4 and 20 times, respectively, those of the Stokes spectra
(A and B). In Fig. 5, the spectrum of the quartz cell,
which was measured after T-jump measurement without
illumination of the heat pulses, was subtracted from the
raw time-resolved Raman spectra observed, and then
band  tting was performed. The band intensities of
MoO4 22 were calculated in the same way with the sta-
tionary-state measurements. Transient temperature rises
DT (t) at time t from the reference temperature T0 (25.0
8C) were obtained according to Eq. 2. In the entire time
region from 21 ms to 10 ms, DT (t) values were deter-
mined with the 897 cm21 band. Transient temperatures,
DT (t), from 500 ns to 50 ms were not determined cor-
rectly from the 317 cm21 band, because the stray light
from the probe pulse increased in this time region. The
band at 837 cm21 was not used in this procedure for the
same reason that it was not used in the stationary-state
measurements.
Figure 6 plots the transient temperature DT (t) in the
nanosecond region (A) and in a longer time region (B ,
§ Relative intensity of the 897 cm21 band to the 317 cm21 band in Fig.
5 is different from those in Figs. 3 and 7. This difference is caused
by the difference in the angle between the polarization direction of
the Raman probe light and the collecting direction of the scattered
light; the angle with respect to the vertical axis was 908 for Figs. 3
and 7 but 608 for Fig. 5. The 897 cm21 band is polarized but the 317
cm21 band is depolarized. 23 The polarized component in the geometry
for Fig. 5 is relatively more unfavorable than the polarized component
in the geometry for Figs. 3 and 7 because a component of polarized
Raman scattering which is parallel to the collecting direction is not
detected. However, this difference in polarization component is irrel-
evant to the temperature determination based on Eq. 2, because Eq.
2 is valid irrespective of polarization components.
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FIG. 6. Observed temperature rise in nanosecond region (A) and its longer time behavior (B) of the Na2MoO4 solution after illumination of 1.89
mm heat pulses. Filled and open circles denote the observed transient temperatures determined with the anti-Stokes/Stokes ratios of the 317 and
897 cm21 bands of molybdate ions in water, respectively. The dotted line in A delineates the temporal cross-correlation of the heat pulse and Raman
probe pulse. The solid line in A illustrates the expected temperature rise calculated from the cross-correlation.
FIG. 7. Time-resolved Stokes (upper panel) and anti-Stokes Raman
spectra (lower panel) of MoO4 22 solution (1.5 M) with 2 mm thickness
just before and after the illumination with 1.56 mm heat pulses; (B, B 9,
and B 0) at 220 ns and (A, A9, and A0) at 20 ns. Anti-Stokes spectra
(A9 and B 9 and A0 and B 0) are vertically magni ed by 4 and 20 times,
respectively, the Stokes spectra (A and B). All the spectra are the raw
time-resolved Raman spectra without any manipulation.
logarithmic scale) following illumination of the 1.89 mm
heat pulses. The  lled and open circles denote DT (t) de-
termined from the 317 and 897 cm21 bands, respectively.
Good agreement between  lled and open circles shows
that Eq. 2 is applicable to transient temperature deter-
mination. It is recognized that a temperature rise of as
much as 31 8C was attained by 1.89 mm heating and that
the elevated temperature remained until 1 ms.
T-jump with 1.56 m m NIR. Time-resolved Raman
spectra of a MoO 422 solution (1.5 M) after illumination
of 1.56 mm heat pulses were obtained in the 908 scattering
geometry with delay times from 2200 ns to 80 ms. Fig-
ure 7 shows the Stokes (upper panel) and anti-Stokes
time-resolved Raman spectra (lower panel) just before
(220 ns, B, B 9, and B 0) and after (20 ns, A, A9, and A0)
the illumination of heat pulses. Anti-Stokes spectra (A9
and B 9) and (A0 and B 0) are magni ed in the ordinate
scale by 4 and 20 times, respectively, those of the Stokes
spectra (A and B). The time-resolved Raman spectra pre-
sented were used for calculation of the band intensities
of MoO 422 without any manipulation, because Raman
scattering from quartz windows was well rejected spa-
tially by the rectangular slit beside the sample cell as well
as optically by the Notch  lter. This slit also reduced the
stray background so effectively that the intensities of the
317 cm21 bands could be determined correctly in the time
region from 500 ns to 50 ms in spite of increased stray
light. The procedures for determining a transient temper-
ature rise DT (t) from the reference temperature (25.0 8C)
were the same as those in the previous 1.89 mm T-jump
experiment. Raman bands at 317 and 897 cm21 were used
for these procedures, but the band at 837 cm21 was not
used for the same reason given for the stationary-state
measurements. Three sets of DT (t) were obtained from
three independent T-jump measurements.
Figures 8 and 9 plot the transient temperature rises
DT (t) after illumination of 1.56 mm heat pulses, which
were obtained from the 317 and 897 cm21 bands, respec-
tively, in the nanosecond region (A) and in a longer time
region (B, logarithmic scale). The marker points denote
the average of three DT (t) values determined in three in-
dependent measurements, and error bars represent the
magnitude of dispersion among them. The observed tem-
perature rises from the 317 and 897 cm21 bands are 8.2
and 9.2 8C, respectively. Their difference is within the
accuracy of temperature determination based on Eq. 2, as
mentioned for the stationary-state measurements. When
the laser-illuminated cylindrical volume, whose diameter
and thickness are 1.4 mm (heat pulse) and 2 mm (sample
thickness), respectively, is assumed to absorb 84% of the
total energy of the 1.56 mm heat pulse (135 mJ) on ac-
count of the absorption coef cient of 4 cm21, the tem-
perature rise expected for the solution with speci c heat
1 cal/8C is 8.8 8C, which is in good agreement with the
experimental value (8.2 and 9.2 8C).
Figures 8 and 9 also show that the elevated tempera-
ture lasts until 10 ms. It is noted here that temperatures
in the negative delay time region are higher than the ref-
erence temperature by 2.7 8C in Fig. 8 and by 2.4 8C in
Fig. 9. However, the probe-only spectrum at the end of
the series of measurements indicated the recovery of tem-
perature to the reference temperature. Therefore, this
raised temperature in the negative delay time region is
attributed to insuf cient heat conduction between the so-
lution and the cell holder under successive heating at 10
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FIG. 8. Observed temperature rise in nanosecond region (A) and its longer time behavior (B) of the Na2MoO4 solution after illumination of 1.56
mm heat pulses. Filled circles denote the averaged values over three sets of observed transient temperature determined with the anti-Stokes/Stokes
ratios of the 317 cm21 bands of molybdate ions in water. Error bars show differences among them. The dotted line in A delineates the temporal
cross-correlation between the heat pulse and Raman probe pulse. The solid line in A illustrates the expected temperature rise calculated from the
cross-correlation. The solid line in B shows the expected temperature recover y based on replacement of heated volume with fresh sample.
FIG. 9. Observed temperature rise in nanosecond region (A) and its longer time behavior (B) of the Na2MoO4 solution after illumination by the
1.56 mm heat pulses. Open circles denote the averaged values over three sets of observed transient temperature determined with the anti-Stokes/
Stokes intensity ratios of the 897 cm21 bands of molybdate ions in water. Error bars show differences among them. The dotted line in A delineates
the temporal cross-correlation between the heat pulse and Raman probe pulse. The solid line in A illustrates the expected temperature rise calculated
from this cross-correlation. The solid line in B shows the expected temperature recover y based on replacement of heated volume with fresh sample.
Hz. Despite the insertion of a thermo-conductive sheet,
the solution was slightly heated.
DISCUSSION
Effect of Seeding Ampli cation. In con guration A
in Fig. 2, NIR pulses were generated by H2 with high
energy and with high pulse-to-pulse stability, but this was
not the case for D2. Con guration C was required to im-
prove the conversion ef ciency, pulse-to-pulse stability,
and beam pro le for D2. Thereby, the operations in con-
 guration C are discussed from the next four viewpoints:
(1) selective generation of light, (2) reduction of thermal
gradient, (3) temporal and spatial overlap between seed-
ing and pump pulses, and (4) contribution from generated
anti-Stokes light.
(1) Selective Generation of Light. For generation of
intense light by SRS, two types of selectivity are essen-
tial; one is nonlinear effect selectivity in forward SRS
and the other is J-selectivity in the most intense Q(J )-
branch in the generation of the  rst Stokes light. To con-
sider them in detail, the Raman gain coef cient is a useful
parameter, 24–26 and its J-dependence is derived in the Ap-
pendix for Q(J )-branches of H2 and D2. From Eq. A.2,
the coef cient gR for the Q(J )-branch of diatomic mole-
cules such as H2 and D2 is proportional to the population
at the rotational level J in the electronic and vibrational
ground state, NJ, as
N (n˜ 2 n˜[Q (J )])J p
g [Q (J )] ~ (3)R Dn˜ [Q (J )]R
where p is the wavenumber of pump light, [Q(J )] is then˜ n˜
wavenumber of the Q(J )-branch, and D R [Q(J )] is then˜
Raman bandwidth (FWHM). The refractive index is as-
sumed to be unity in Eq. 3. The J-dependent Raman gain
coef cients gR [Q(J )] calculated for H2 at 3.0 MPa and
D2 at 3.5 MPa with Eq. 3\ are shown in Table I, where
the rotational populations at room temperature and the
wavenumbers of Q(J )-branches were calculated with Eq.
A.3 and Eq. A.4, respectively, by using rotational-vibra-
tional constants and nuclear degeneracy of H2 and D2
given in Table II. Raman bandwidths in Table I were
calculated with Eq. A.5 by using collisional-narrowing
(A) and density-broadening (B) factors given in Table III.
\ For this calculation, gR [H2, Q(1)] 5 2.64 cm GW21 and gR [D 2, Q(2)]
5 0.45 cm GW21, as reported by Ottusch et al. 22 for 532 nm pumping,
were used. These values were obtained directly with the seeding-am-
pli cation technique. Raman gain coef cients of H2 and D2 were also
given by Hanna et al. 27 The reported values of gR [H2, Q(1)] are
practically the same between these two papers. However, that of
gR [D2, Q(2)] by Hanna et al. 27 is about twice that by Ottusch et al.22
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TABLE I. Raman gain coef cients of H2 at 3.0 MPa and of D2 at 3.5 MPa under 1.064 m m excitation.
H2
Q(0) Q(1) Q(2) Q(3)
D2









































a See Ref. 22.
TABLE II. Rotational and vibrational constants, and nuclear de-
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a See Ref. 37.
b See Ref. 36.
It is recognized from Table I that the maximum value
among gR [Q(J )] of D2 (0.18 cm GW21 at J 5 2) upon
1.064 mm pumping is about 20% that of H2 (0.94 cm
GW21 at J 5 1). Accordingly, the energy of pump light
is less converted to the  rst Stokes light by D2 than by
H2. As a result, backward-scattered light would be more
stimulated by backward SRS and backward SBS 25 in D2.
In fact, a large amount of backward scattering was ob-
served in con guration A with D2. This experimental re-
sult leads us to conclude that backward generation of
additional light decreased the conversion of pump light
into 1.56 mm light in con guration A with D2. In contrast,
no backward scattering was observed in con guration C
with D2. This result indicates that the forward SRS over-
comes the backward SRS and backward SBS in con g-
uration C with D2. In other words, the selectivity in the
forward SRS worked well in con guration C with D2.
As a result, the conversion ef ciency is much improved
in con guration C over that in con guration A in Fig. 2.
On the other hand, with regard to the J-selectivity, Ra-
man bands of Q(J )-branches are well separated from each
other even in high pressure at room temperature for both
H2 and D2. The most intense branches at room tempera-
ture arose from J 5 1 for H2 and from J 5 2 for D2.
However, intensity ratios among the Q(J )-branches are
very different between H2 and D2, because their rotational
populations in the electronic and vibrational ground state
are remarkably different (Table I), resulting mainly in dif-
ferent J-dependence for gR [Q(J )] between H2 and D2. For
H2 it is recognized from Table I that the gR [Q(J )] values
for J ± 1 are much smaller than those for J 5 1; 14%
for J 5 0 and 12% for J 5 2 relative to that for J 5 1.
Therefore, the energy depletion of the pump pulse due to
Q(J )-transitions different from J 5 1 can be neglected in
Raman shifting with H2, and the  rst Stokes light due to
the Q(1)-transition is hence effectively generated. For D2,
however, the gR [Q(J )] values for J ± 2 are not so small
relative to that for J 5 2: 32% for J 5 0, 79% for J 5
1, 28% for J 5 3, and 25% for J 5 4. Therefore, Q(J )-
branches from J ± 2 would not be negligible for SRS in
D2. In fact, the forward radiation pulses from RS1 con-
tained many components with different wavelengths in
con guration A with D2. It is considered from this result
that additional light pulses corresponding to many com-
ponents of Q(J )-branches were generated by SRS in con-
 guration A with D2 and that their combinations were
also generated by four-wave mixing (FWM). With the
application of con guration C , however, the forward ra-
diation pulses from RS2 consisted of clearly separated
Stokes and anti-Stokes light. This result indicates that
SRS due to the Q(J )-branch of D2 for J 5 2 suppressed
those for J ± 2. The J-selectivity in the most intense
Q(J )-branch of D2 worked well in con guration C for the
generation of 1.56 mm pulses, and hence it improved the
conversion ef ciency.
(2) Reduction of Thermal Gradient. In the interaction
region of gaseous molecules with pump light, molecules
are vibrationally excited by Raman pumping. Vibrational
energy of excited molecules must be released as thermal
energy. If they photodissociated by multiphoton absorp-
tion, recombination energy of dissociated atoms would
also be released as thermal energy. Accordingly, a ther-
mal gradient would be generated between the interaction
region and its surroundings, if the interval between suc-
cessive pump pulses is not long enough for the released
heat to be dissipated from the interaction region. As a
result, beam shapes of pump and generated pulses are
distorted in passing through the interaction region, and
the conversion ef ciency to the  rst Stokes light is also
reduced. In con guration A with H2 and D2, in fact, the
beam shapes of the  rst Stokes output were far from
Gaussian shapes, and the surface temperature of RS1
around the focus point of pump pulses was raised upon
prolonged pumping. It is deduced for con guration A in
Fig. 2 that the released thermal energy remained in the
interaction region upon 10 Hz pumping. Indeed, a large
intensity  uctuation was observed among generated  rst
Stokes pulses in con guration A with D2. However, it
was not so large with H2. These results suggest that the
thermal gradient of gases is a much more severe problem
in D2 than in H2. In con guration C with D2, however,
the beam shape of a 1.56 mm pulse was re ned, and a
striking improvement in pulse-to-pulse stability was ac-
complished as well. Moreover, prolonged pumping did
not raise the surface temperature of RS2 around the focus
point of pump pulses. In conclusion, con guration C ef-
fectively reduced the thermal gradient in the interaction
region of D2 with the pump light and improved the beam
quality in shape and in pulse-to-pulse stability.
(3) Temporal and Spatial Overlap between Seeding
and Pump Pulses. The NIR generation with D2 was much
improved by the use of con guration C in Fig. 2 regard-
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TABLE III. Collisional-narrow ing (A) and density-broadening (B) factors.
H2a
Q(0) Q(1) Q(2) Q(3)
D 2b
Q(0) Q(1) Q(2) Q(3) Q(4)
A (1021 cm21 m23 mol)



















a See Ref. 38.
b See Ref. 39.
ing energy, beam shape, and pulse-to-pulse stability. No-
table improvement was not obtained in con guration B ,
although it also used the seeding technique. The reasons
for the contrasting results in the two con gurations are
presumably associated with two kinds of overlap between
the seed and pump pulses: temporal overlap and spatial
overlap. Since the optical paths and beam sizes of the
two pulses could be adjusted independently in con gu-
ration C , the best overlaps were attained temporally and
spatially. In con guration B , on the other hand, the tem-
poral walk-off between pulses was 5 ns. Moreover, two
pulses were not necessarily best overlapped spatially, be-
cause the size of the seed pulse could not be adjusted
easily.
It is emphasized that the temporal overlap is an essen-
tial factor to generate the  rst Stokes light, since the
pump energy is more depleted with the increase of its
generation (saturation effect). If there is a slight temporal
walk-off between the two pulses, the seed pulse would
be ampli ed at an edge part of the pump pulse. In this
experiment the best temporal overlap between the seed
and pump pulses was estimated to be as much as 65% at
their 5 ns difference. This observation indicates that tem-
poral overlap signi cantly affects the conversion ef cien-
cy in NIR generation through the saturation effect. More-
over, the temporal difference of 5 ns resulted in reduc-
tions of output energy and of pulse-to-pulse stability upon
prolonged pumping. Hence it is concluded that the best
temporal overlap as well as best spatial overlap between
the seed and pump pulses improved the conversion ef -
ciency in con guration C with D2, and the improvement
resulted in long-time stability of the generated NIR.
(4) Contribution of Generated Anti-Stokes Light. In
con guration C with D2, the beam pro les observed for
the pulses coming from RS2 were of round shape for the
 rst anti-Stokes light and of ring shape for the higher
order anti-Stokes light. The round shape of the  rst anti-
Stokes light indicates that the  rst anti-Stokes light was
mainly generated by SRS. Its generation, which actually
reduces the conversion ef ciency of the pump light to the
 rst Stokes light, is believed to play an important role in
depopulation of vibrationally excited molecules (mainly,
v 5 1 ® v 5 0) and consequently to reduce the thermal
gradient in the interaction region of D2 with pump light.
The ring shapes of higher-order anti-Stokes light indicate
that such pulses were generated mainly by FWM. Phase
matching conditions for FWM would be satis ed with
the focusing geometry of the seed and pump pulses by
the lens (L5) in con guration C in Fig. 2. Therefore the
higher-order anti-Stokes lights would be decreased by re-
placing L5 with a longer confocal lens.
Observed Temperature Rises in T-jump Experi-
ments. The dotted line in Fig. 6A represents temporal
cross-correlation between the 1.89 mm heat pulse (9 ns)
and Raman probe pulse (7 ns). The solid line shows the
expected change of transient temperature calculated from
this cross-correlation on the assumption that the energy
dissipation of vibrationally excited water and thermal
equilibration in the illuminated volume are much faster
than the temporal width of the heat pulse. It is recognized
that the observed DT (t) coincides very well with the ex-
pected curve of temperature rise. The same depictions are
used in Figs. 8A and 9A for 1.56 mm T-jump experi-
ments. The observed DT (t) is also coincident with the
expected curve of temperature rise in Figs. 8A and 9A.
It is concluded from these results that the energy of the
1.89 or 1.56 mm heat pulses was converted to thermal
energy and equilibrated within its pulse width (9 ns). This
observation demonstrates that the nanosecond T-jump
can be attained by the nanosecond 1.89 or 1.56 mm heat
pulses.
Observed Temperature Recovery in T-Jump Ex-
periments. Here the origins of observed temperature re-
covery in a long time region in Fig. 6B of 1.89 mm heat-
ing and in Figs. 8B and 9B of 1.56 mm heating are dis-
cussed. Possible origins of temperature recovery include
(1) changes of thermal distribution in a sample and (2)
replacement of heated volume by sample  owing. The
extent of their contributions will be estimated separately
below.
(1) Temporal Changes of Thermal Distribution. Ther-
mal energy of the heated volume diffuses into other parts
of the sample solution and is transferred to atmosphere
through quartz windows. Therefore, even without  owing
of sample, thermal distribution of heat energy changes
through thermal diffusion and thermal transfer, the effects
of which will be discussed separately. Temporal change
of temperature is described by the thermal diffusion equa-
tion,28
­T
25 k= T (4)
­t
where T is the temperature, k is the thermal diffusivity,




where K is the thermal conductivity, r is the density, and
C is the heat capacity.
Suppose that the two heat pulses, which are equivalent
and have beam pro les of Gaussian shape, illuminate sam-
ples from both sides with counter-propagation geometry.
This assumption is a crude approximation for the 1.89
mm T-jump experiment, but qualitative behavior of tem-
poral temperature change can be investigated. Under this
assumption, the two-dimensional intensity distribution, I,
of each heat pulse is represented in the (r , u) plane as
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FIG. 10. The time dependence of the thermal transfer term. The inte-
grated values of g(z, t) from z 5 2l to l are plotted against time: (A)
2l 5 100 mm and a 5 61 3 Ï 2 3 ln 10 cm21; (B) 2l 5 2 mm and a
5 4 3 ln 10 cm21.
2E 1 r0I(r, u) 5 exp 2 (6)
2 21 22 2ps 2s
where E0 /2 is the energy of each heat pulse, and s is a
measure of beam size.
Let us assume that t 5 0 is the time when the sample
is illuminated by the two heat pulses from both sides and
that the direction of the z-axis is along the sample thick-
ness, which is equal to 2l; the temperature distribution at
t 5 0 is given in cylindrical coordinates (r , u, z) as
T(r,u, z, t 5 0) 2 T0 5 4ps2lTavg f (r,u, t 5 0)g(z, t 5 0).
(7)
The individual terms of the right side of Eq. (7) are giv-
en by
l1
T 5 dzT (r 5 0, z , t 5 0)avg E2l
2 l
E (1 2 exp(22al))05 (8)
24ps lrc
21 r
f (r, u, t 5 0) 5 exp 2 (9)
2 21 22ps 2s
a exp(az) 1 exp(2az)
g (z , t 5 0) 5
2 exp(al ) 2 exp(2al)
` na exp(al ) 1 exp(2al) (21) k 2n115 O 2 2l exp(al ) 2 exp(2al) a 1 kn50 2n11
3 cos(k z) (10)2n11
where k2n11 5 (2n 1 1)p/2l. T0 denotes the temperature
of sample before the illumination by heat pulses, and Tavg
is an averaged temperature along the z-direction at r 5
0 immediately after the illumination. Functions f (r , u, t
5 0) and g(z , t 5 0) represent the normalized distribution
functions in the (r , u) plane and along the z-axis, respec-
tively. Parameter a is given by 61 3 Ï 2 ln10 cm21 for
1.89 mm heating and 4 3 ln10 cm21 for 1.56 mm heating.
The parameter a for 1.89 mm heating is magni ed by the
factor Ï 2, because the 1.89 mm pulses were illuminated
at an angle of 458 against the z-axis. Suppose that the
temperature at the boundar y is constant at T0; the bound-
ary conditions are represented as
T (r, u, z 5 6l, t) 5 T and (11A)0
T (r 5 `, u, z, t) 5 T (11B)0
Then the diffusion Eq. 5 can be solved under the initial
conditions (Eqs. 7–10) and the boundary conditions (Eq.
11) as28
T (r , u, z, t) 2 T0 5 4ps2lTavg f (r , u, t)g(z, t) (12)
The time-dependent terms in the right side of Eq. 12 are
represented as
21 r
f (r, u, t)5 exp 2 (13)
2 21 22p(2kt 1 s ) 2(2kt 1 s )
a exp(al ) 1 exp(2al )
g (z, t)5
l exp(al ) 2 exp(2al )
` n(21) k2n11 23 cos(k z)exp(2kk t) (14)O 2n11 2n112 2a 1 kn50 2n11
The term f (r , u, t) represents the temporal thermal dis-
tribution in the two-dimensional (r , u)-plane, i.e., thermal
diffusion in the (r , u)-plane. On the other hand, the term
g(z, t) includes not only one-dimensional thermal diffu-
sion in the z-axis but also the heat release through the
two boundary surfaces at z 5 6l. But temporal diffusion
in the z-axis is not measurable because our method de-
termines the temperature of the sample which is averaged
along the z-axis due to nonresonant Raman measure-
ments. Accordingly, g(z, t) represents mainly temporal
behaviors due to the thermal exchange from the surfaces.
For resonance Raman experiments where the intensity
obtained close to the surface is most important, the z-
dependence of g(z, t) is the most important parameter.
Since the thermal diffusion term in the (r , u) plane at
t 5 0 represents the normal distribution, the value 2(2kt 1
s2) (5^ r 2 & t) determines the pro le of f (r , u, t). The value
2 Ï 2s2(52 Ï ^ r2 & t50)¶ is crudely approximated to the
beam diameter measured with a burning paper: 1.7 mm
for 1.89 mm heat pulse, which is an average of two puls-
es, and 1.4 mm for the 1.56 mm heat pulse. Insertion of
k 5 0.14 mm 2s21 at 25 8C into Eq. 13 causes 2 Ï ^ r2 & t at
100 ms to be 1.76 mm for the 1.89 mm T-jump and 1.48
mm for the 1.56 mm T-jump, respectively. These values
suggest that the thermal diffusion within 100 ms is neg-
ligible in temperature recovery within the interval of suc-
cessive T-jumps at 10 Hz. This is owing to the suf cient-
ly large beam size of the heat pulse for which temperature
recovery in the center is negligible within 100 ms.
The behavior of the thermal transfer term, g(z, t), is
dependent on sample thickness. The temporal behaviors
of g(z, t) are illustrated in Fig. 10, where the values in-
tegrated from z 5 2l to l are plotted against time: (A) 2l
5 100 mm and a 5 61 3 Ï 2 ln10 cm21 for the 1.89 mm
T-jump, and (B) 2l 5 2 mm and a 5 4 3 ln 10 cm21 for
the 1.56 mm T-jump. Line A shows that the thermal trans-
fer term g(z, t) in the 1.89 mm T-jump is remarkably time-
dependent within 100 ms. However, it cannot be con-
cluded only from this calculation that the origin of tem-
perature recovery within a 100 mm thickness is thermal
transfer, because the surface conductance from water to
quartz windows is postulated to be in nite in the bound-
ary condition of Eq. 11A.28 Therefore, it is safe to say
¶ A cylinder having a diameter 2 Ï 2s2 and height 1/2ps2[5 f (r 5 0,
u, t 5 0] has the same volume as that of a Gaussian-shaped solid
represented by f (r , u t 5 0) 5 1/2ps2exp(2r2 /2s2).
1602 Volume 54, Number 11, 2000
FIG. 11. Observed temporal behaviors of band intensities of Na2MoO4 in an aqueous solution in nanosecond region (A) and their longer time
behavior (B) after the 1.56 mm T-jump. Closed and open circles denote the averaged values over three sets of 317 and 897 cm21 band intensities,
respectively. Error bars show differences among them.
that thermal transfer is a possible origin of temperature
recovery in a sample as thin as 100 mm. On the other
hand, it is recognized from line B that time dependence
of g(z, t) for the 2 mm thick sample within 100 ms is
extremely small in the high conductance limit represented
by Eq. 11A. Accordingly, thermal transfer within 100 ms
is not a primary origin of temperature recovery in a sam-
ple as thick as 2 mm.
(2) Contribution of Sample Replacement by Flowing.
The above discussions suggest that the temperature dis-
tribution would be practically constant within 100 ms in
2.0 mm thick sample without  owing. Suppose that the
sample  ows with rate n along the x-axis, which is per-
pendicular to the Raman collecting optics; the tempera-
ture distribution in the (x, y) plane is given by
2 2(x 2 vt) 1 y
T (x, y, t) 2 T 5 T exp 2 (15)0 avg 21 22s
Equation 15 is obtained from Eq. 12 by the ordinary
transformation from cylindrical coordinates (r , u, z) to
rectangular coordinates (x, y, z), followed by integration
along the z-axis. The temperature difference, DTobs(t),
from T0 of the volume, Vcol, from which Raman scattering
is collected, is proportional to
2v
2DT (t) ~ exp 2 t (16)obs 21 22s
This equation is valid when the optical window along the
x direction of Vcol is much smaller than the length along
the x-axis of a heated volume. This condition was actu-
ally satis ed in the 1.56 mm heating of this experiment,
since the width of the entrance slit of the spectrograph
was much smaller than that of the image of the Raman
probe light on this slit.
Equation 16 predicts that the temperature recovery due
to sample replacement of a heated volume is represented
by a Gaussian function of time. The solid lines in Figs.
8B and 9B denote the temporal behavior of DTobs(t) ac-
cording to Eq. 16, where an identical coef cient against
time is used. Figures 8 and 9 show that the expected
temperature recovery reproduces almost completely the
experimental points. This means that the temperature re-
covery observed for longer delay times in the 1.56 mm
T-jump is caused by the replacement of the heated vol-
ume with fresh portion of sample due to  owing. It is
hence concluded that the longer time limit of a T-jump
measurement in a sample as thick as 2 mm is determined
by replacement of sample by  owing at the present  ow-
ing rate, but not by thermal diffusion or by thermal trans-
fer.
To examine the contribution of sample replacement to
temperature recovery in the 100 mm thick sample, we
carried out an experiment in which the 1.89 mm heat
pulses illuminate the sample at 10 Hz repetition without
sample  owing. It resulted in bubble generation in the
sample and in breaking of cell windows. This means that
the temperature of the sample heated by 1.89 mm pulses
was in effect when the next 1.89 mm pulses arrived and
that the temperature rise was partially additive. Thus the
temperature recovery was not completed within 100 ms
solely by thermal transfer. However, the temperature re-
covery was actually completed with sample  owing even
for 100 mm thick sample, as depicted in Fig. 6B. There-
fore, it is concluded for a sample as thin as 100 mm that
the replacement of sample is one of the factors determin-
ing the longer time limit of T-jump experiments as well
as thermal transfer.
Induced Thermal Effects upon T-jump. In the laser-
induced T-jump experiments, the stray light of the probe
pulse increased in the time region from 500 ns to 50 ms
following the illumination of 1.89 and 1.56 mm heat
pulses. The temporal behaviors of the time-resolved Ra-
man intensities at 317 and 897 cm21 bands in the 1.56
mm T-jump are depicted in Fig. 11, where their transient
band intensities were obtained from the  tted parameters
in the determination of the transient temperature. The two
series of the experimental points in Fig. 11 show that the
amount of observed Raman signals decreased between 1
and 10 ms. It has been known that very rapid heating of
a solution generates a shock wave due to rapid thermal
expansion, which results in the cavitation effect1,8 and,
thus, loss of optical uniformity in the scattering volume
of the sample solution. Therefore, it is interpreted that
the shock wave and the cavitation effect cause crucial
problems in the time-resolved Raman measurements, es-
pecially in terms of transient band intensities, although
they are irrelevant to the transient temperature measure-
ments according to Eq. 2. Figure 11, however, shows that
the temporal changes in the band intensities at 317 and
897 cm21 have a correlation. It means that time-resolved
Raman spectra in the problematic region from 500 ns to
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FIG. 12. Stationary Raman spectra of RNase A at 25.0 8C, excited by
532 nm light; (A) observed for 150 mg/mL solution with the 100 mm
thick cell; (B) observed for 100 mg/mL solution with the 2 mm thick
cell. Ordinate scales of spectra A and B are arbitrary. The accumulation
time for each spectrum was 30 min. The low-frequency region in spec-
trum A is not displayed, because it could not be obtained due to the
disturbance by Raman scattering of quartz windows.
50 ms can be calibrated with the temporal behavior of the
intensity.
Applicability of T-jump Apparatus to Time-Re-
solved Raman Studies of Proteins. Conformational
changes of molecules in the initial steps of thermal ex-
citation within milliseconds can be pursued by the com-
bination of laser-induced T-jump and time-resolved Ra-
man spectroscopy. In fact, the two types of the present
T-jump apparatuses using 1.89 or 1.56 mm heat pulses
are applicable to time-resolved Raman measurements of
MoO 422 solution (1.5 M) in time scales from nanoseconds
to milliseconds. To examine their abilities with respect to
time-resolved Raman measurements of proteins, we mea-
sured stationary-state Raman spectra of bovine pancreatic
ribonuclease A (RNase A) with the same geometry as
that for the time-resolved Raman measurements of the
MoO 422 solution without illumination of heat pulses.
The Raman spectra of RNase A obtained at 25.0 8C
are delineated in Fig. 12: (A) observed for 150 mg/mL
solution with 100 mm thickness and (B) observed for 100
mg/mL solution with 2 mm thickness. The ordinate scales
of spectra A and B are arbitrary. The accumulation time
for the two spectra was same (30 min). It is recognized
at a glance that spectrum A displays much worse features
than spectrum B. Spectrum A in the low-frequency region
was distorted by broad Raman bands of quartz windows
( ; 500 cm21) so strongly that the S–S and C–S stretching
Raman bands could not be identi ed with the 100 mm
thick cell. The tyrosine (Tyr) doublet in spectrum B was
well resolved, but that in spectrum A was hidden in the
disturbance of stray light. A clearer band of phenylala-
nine residues (Phe) was given in spectrum B than in spec-
trum A, although the band of sulfate ions around 980
cm21 could not be compared due to their different con-
centrations between A and B.** The S–S and C–S
stretching bands as well as the tyrosine doublet are im-
** The lyophilized RNase A purchased from Sigma (type IIIA) contains
sulfate ions. Because the sample solutions for Fig. 11A and 11B were
prepared from different lots of the commercial RNase A, the concen-
trations of sulfate ions contained in each solutions were different. We
did not standardize concentration in these experiments.
portant bands that are sensitive to the environmental con-
ditions of side chains and thus are expected to re ect
protein structures. Accordingly, measurements of time-
resolved Raman spectra in the frequency region from 400
to 900 cm21 are indispensable in order to discuss transient
structures of RNase A involved in unfolding upon T-
jump. The results shown in Fig. 12 mean that a thickness
of 100 mm is too thin for this purpose, but that the 2 mm
thick sample can be used. Therefore the 1.56 mm T-jump
is applicable to time-resolved Raman experiments of pro-
tein unfolding, but the 1.89 mm T-jump is not. For ab-
sorption,  uorescence, or ultraviolet resonance Raman
measurements, the 100 mm thick sample would be thick
enough; therefore, the 1.89 mm T-jump is a more suitable
approach for those experiments because a larger T-jump
is attained. The application of nanosecond T-jump to a
time-resolved Raman study on the thermal unfolding of
RNase A is reported separately.6
SUMMARY
We have constructed a system for the generation of
1.89 and 1.56 mm intense heat pulses with 10 Hz repe-
tition by stimulated Raman scattering of H2 and D2, re-
spectively, and successfully applied the pulses to nano-
second T-jump experiments. The seeding-ampli cation
technique, which was remarkably effective in raising the
conversion ef ciency, reducing the pulse-to-pulse  uc-
tuations, and improving the beam quality, was indispens-
able for generation of 1.56 mm heat pulses. To the au-
thors’ knowledge, this is the  rst report of successive
generation of nanosecond giant pulses at 1.56 mm. It was
con rmed with the anti-Stokes/Stokes intensity ratios in
the time-resolved Raman spectra of MoO4 22 that a nano-
second temperature jump was indeed achieved by 1.89
or 1.56 mm heat pulses. The long-time limit of the T-
jump experiment for a sample as thick as 2 mm depended
solely on the sample replacements due to  owing, but
not on thermal diffusion and thermal transfer.
APPENDIX
J-Dependent Raman Gain Coef cients of Q(J)-
Branches of H 2 and D2. Raman differential cross sec-
tions of H2 and D2 are represented by the sum of the
isotropic and anisotropic parts.29–32 The anisotropic parts,
which are dependent on rotational levels, are negligible
relative to the isotropic parts,33–35 which are independent
of rotational levels for both H2 and D2. Thus, the J-de-
pendent Raman gain coef cient of the Q(J )-branches is
derived from a basic representation24–26 as
N n˜ [Q (J )]J Sg [Q(J )] ~ (A1)R 2n Dn˜ [Q(J )]s R
where N J is the population at rotational level, J, in the
electronic and vibrational ground state, S is the wave-n˜
number of Stokes light, D R is the Raman bandwidthn˜
(FWHM), and n s is the refractive index. Replacement of
S in Eq. A.1 with the wavenumber of pump light, p,n˜ n˜
and the wavenumber of the Q(J )-branch, [Q(J )], yieldsn˜
Eq. A.2:
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N (n˜ 2 n˜[Q (J )])J p
g [Q (J )] ~ (A2)R 2n Dn˜ [Q (J )]s R
The terms on the right side of Eq. A.2 are given by
hc F(J )
g (2J 1 1)exp 2J 1 2k T
N 5 (A3)J
hc F (J9)
g (2J9 1 1)exp 2O J 9 1 2k TJ 9
n˜[Q (J )] 5 n˜ 1 (B 2 B )J(J 1 1)120 1 0
2 22 (D 2 D )J (J 1 1) (A4)1 0
A[Q(J )]
Dn˜ [Q (J )] 5 1 B[Q (J )]r (A5)R r
where g J is the nuclear degeneracy36 and F (J ) is the en-
ergy of the rotational level, which is represented by37
F (J ) 5 B0J (J 1 1) 2 D0J 2(J 1 1) 2 (A.6)
Equation A.5 for the Raman bandwidth, D R [Q(J )], isn˜
represented by the sum of a diffusion term (the  rst term)
and a density-broadening term (the second term).38,39
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